Introduction
Weathering products of aluminosilicate rocks are widely utilized for assessing continental chemical weathering, because their mineral assemblage and geochemical composition can provide useful information on the mechanisms of chemical weathering (Galy and France-Lanord, 1999; Singh et al., 2005; Colin et al., 2006; Liu et al., 2007) . The South China Sea is the largest marginal sea in the western Pacific, and it is supplied with more than 700 Â 10 6 t/yr suspended sediments mainly by adjacent rivers (Liu and Stattegger, 2014; Liu et al., 2016, Fig. 1) . These weathering products formed in different lithological and tectonic settings as well as under different regional climatic conditions. The study of these river sediments may contribute in understanding the alteration of parent rocks and land-sea interactions.
The mechanism of weathering processes in adjacent river drainage basins relates strongly to the variation of terrigenous sediments in the South China Sea (Boulay et al., 2003; Liu et al., 2004; Colin et al., 2010; Clift et al., 2014) . As a result, many studies have been carried out on river sediments surrounding this area to evaluate weathering processes. These studies include the Pearl, Red, Mekong, and Gianh rivers in South China and Indochina Peninsula (Liu et al., 2007; Jonell et al., 2016) , major rivers in Hainan Island (Hu et al., 2014) , mountainous rivers in Taiwan (Selvaraj and Chen, 2006; Liu et al., 2008) , major rivers in Luzon, Philippines (Liu et al., 2009) , Malay Peninsula, Borneo and Sumatra (Wang et al., 2011; Liu et al., 2012) . Nevertheless, few research has been conducted on weathering products in central Vietnam, which is characterized by a complex lithological setting, including abundant intrusive and volcanic rocks, along with the tropical East Asian monsoon climate with humid climate and warm temperature. Only small mountainous rivers develop in central Vietnam but they play a significant role in contributing terrigenous sediments to the central Vietnam shelf (Schimanski and Stattegger, 2005) . Consequently, central Vietnam is a fascinating area to evaluate the mechanism of chemical weathering on igneous rocks.
The Ba River is the largest river in central Vietnam with 14 Â 10 3 km 2 drainage area and 390 km length (Figs. 1 and 2). The Ba River supplies 1 Â 10 6 t/yr suspended sediments to the South China Sea (Milliman and Farnsworth, 2011) . The highland part of the Ba River drainage basin lies mainly on the central highlands of Vietnam, which includes series of contiguous plateaus with an average elevation of about 800 m. In this area, granitization processes took principally place during the Paleoproterozoic and Mesoproterozoic (Lan et al., 2003) . The lithology of the Ba River drainage basin consists mainly of intrusive and extrusive igneous rocks and minor sedimentary rocks ( Fig. 2A) . Precambrian metamorphic rocks contain various granulitic rocks, and they are characterized by variably deformed or undeformed PaleoMesozoic granitic intrusions, which are mainly granite, granodiorite, and diorite (Luong and Bao, 1988; Nam, 1998; Osanai et al., 2001; Lan et al., 2003; Nakano et al., 2007; Lepvrier et al., 2008) . Mesozoic extrusive rocks cover widely this research area during Late Triassic-Early Jurassic and Cretaceous, including mostly rhyolite, dacite, andesite, and felsite (Nam et al., 2001) . Sedimentary rocks appear restrictively along the Ba River during the Middle-Latte Miocene, and they contain conglomerate, grit-stone, sandstone, siltstone, clay-stone and lignite (Nielsen et al., 2007, Fig. 2A) . Miocene sedimentary rocks are characterized by three facies associations: (1) fluvial channel and terminal lobe association, (2) mouth bar association, and (3) lake-mire association. Basaltic rocks largely cover this area during the Neogene-Quaternary (Hoang and Flower, 1998; Carter et al., 2000; Hoang et al., 2013) . Holocene sediments have distributed mainly along rivers and coastline. The Ba River drainage basin is characterized by the tropical East Asian monsoon climate, with alternative wet and dry seasons. Temperature and rainfall variations in Nha Trang ( Fig. 1) are available from the world climate data (http://www.
worldclimate.com) with an average annual rainfall of 1300 mm (Fig. 3) . The rainy season lasts from September to December with average monthly rainfall of 249 mm (nearly 75%), and temperature of 26.0 C. The dry season is represented by low rainfall (monthly average w41 mm, nearly 25%) and similar temperature (monthly average 26.9 C) between January and August.
In this study, Miocene sedimentary rocks and modern river sediments were collected from the Ba River basin in central Vietnam to investigate clay mineralogy and major-element geochemistry. Clay-mineralogical proxies (clay mineral contents (Luong and Bao, 1988 and kaolinite/illite ratio) and major-element results were used to assess chemical weathering processes during the Miocene and the present time in central Vietnam.
Materials & methods
Twenty-seven sedimentary rock samples and seven modern river sediment samples were collected from the Ba River basin in central Vietnam in November 2015 (Table 1 ; Fig. 2B ). The sedimentary rock samples were collected from Miocene sedimentary rocks (Song Ba formation), and they were separated into two types: Miocene andesitic sedimentary rock samples (clastic grains mainly derived from andesiticrhyolitic volcanic rocks-VS), and Miocene felsic sedimentary rock samples (clastic grains mainly derived from felsic intrusive igneous rocks-FS). The modern river sediment samples (muddy channel deposits-RS) were collected at different locations along the Ba River in order to represent typical sub-environments (Fig. 2B ). Among them, two samples (MN13 and MN14) from the lower reach of main channel represent average compositions of the Ba River sediments; while three samples (MN04, MN06, and MN15) from the main channel and other two samples (MN16 and MN29) from the branch of the middle reach represent the highland environment of the Ba River basin. Contamination from riverbank sediments and potential manmade pollution were avoided when collecting these river sediment samples. Clay mineralogy and major-element geochemistry were analyzed for all sediment samples at the State Key Laboratory of Marine Geology, Tongji University. Clay minerals were identified using the PANalytical X'Pert PRO X-ray Diffractometer on oriented mounts of non-calcareous clay-sized (<2 mm) particles. Bulk sediment samples were treated with 0.2 N HCl and 10% H 2 O 2 to remove carbonate and organic matter, respectively. This study used the method described in Liu et al. (2004) to make the oriented mounts. Three XRD runs were carried out following air drying, ethyleneglycol solvation for 24 hours, and heating at 490 C for 2 hours. The position of the (001) series of basal reflections on the three XRD diagrams were used to identify clay minerals. Base on the glycolated curve, the MacDiff software (Petschick, 2000) was used to perform semi-quantitative estimates of peak areas of the basal reflections for the main clay mineral groups of smectite (including mixed layers) (15e17 A), illite (10 A), and kaolinite/chlorite (7 A) (Holtzapffel, 1985) . The ratio of the 3.57/3.54 A peak areas was used to determine relative proportion of kaolinite and chlorite. Base on XRD diagrams, the smectite crystallinity was obtained from half height width of the 17 A peak on the glycolated curve. The smectite crystallinity values were classified into the categories well crystalline (<1.5 D2q), moderately crystalline (1.5e2.0 D2q), and poorly crystalline (>2.0 D2q) (Ehrmann et al., 2005) .
Major elements were measured by using a PANalytical AxiosmAX wavelength dispersive X-ray Fluorescence (XRF) spectrometer. Samples were dried and crushed to fine powder by using an agate mortar. Each sample was then coned to ensure that the powdered sample was well mixed, and subsequently compressed with phosphoric acid powder (H 3 PO 4 ) into a disc for analysis. The phosphoric acid is used as a cover on the outside of the sediment sample. Chinese rock and sediment standards GSR06 and GSD15 were used to control the analytical precision and accuracy.
Major element oxides (i.e., SiO 2 , Al 2 O 3 , Fe 2 O 3 , MgO, CaO, K 2 O, Na 2 O, P 2 O 5 , TiO 2 , and MnO) were obtained. Besides, CaO associated with the silicate fraction was obtained through correcting bulk CaO using P 2 O 5 (McLennan, 1993) .
Results
Miocene andesitic sedimentary rock samples (VS) consist of high smectite (59e97%, average 70%), moderate kaolinite (1e37%, average 26%), and low illite (0e9%, average 4%) ( 4. Discussion
Formation of clay minerals
Clay mineral assemblage in a river basin is generally related to the weathering process, which is principally influenced by climatic condition (rainfall and temperature), rock composition, and tectonic activity (Chamley, 1989; Liu et al., 2007) . Clay minerals are weathering products of parent rocks on the Earth's surface. The chemical weathering changes the composition of parent rocks by hydrolyzing the minerals.
Smectite and kaolinite are typical in weathering products of this process. Smectite is usually related to chemical weathering of volcanic rocks. Volcanic rocks are weathered faster than most other rocks under warm and humid climate conditions (Bluth and Kump, 1994; Dessert et al., 2001) . Volcanic rocks usually lead to high smectite that forms easily on basic materials as Fe-Mg species, and on rhyolitic materials rather as Al species (Chamley, 1989) . Like the upper part of middle reach and the lower reach of the Mekong River drainage basin and Luzon in tropical climates (Liu et al., 2004 (Liu et al., , 2009 , where volcanic rocks are dominant, smectite is yielded abundantly (Fig. 5) . Kaolinite formation can be referred to as monosialitization of parent rocks, representing the intensive hydrolysis under warm and humid climate (Chamley, 1989) . Kaolinite can be easily produced by parent rocks, which contain rich alkali and alkaline elements (e.g., granite, granodiorite and rhyolite) (Chamley, 1989) . The Pearl River drainage basin in subtropical climate, Malay Peninsula in tropical climate, and Hainan in tropical climate contain abundant felsic intrusive rocks and/or felsic extrusive rocks, and kaolinite is formed prevailingly (Liu et al., 2007 , 2012 ). Nevertheless, physical weathering leads to rock fragmentation without much change in the chemical components, and this can form illite and chlorite (Chamley, 1989) . Illite and chlorite are considered primary minerals, and they are related strongly to the weak hydrolysis and/or strong physical erosion of bedrocks under relatively cold and dry climatic conditions. Similar situation occurs in highland part of the Mekong and Red River drainage basins in subtropical climate, Taiwan in tropical climate, and North Borneo in tropical climate (Liu et al., 2004 (Liu et al., , 2007 (Liu et al., , 2008 (Liu et al., , 2012 , where the bedrocks yield abundant illite and chlorite under strong physical erosion. Taylor and McLennan (1985) were plotted as a reference.
The high-land part of the Ba River drainage basin is situated on the series of contiguous plateaus, where soil has developed strongly. Furthermore, this area has characterized by relatively weak tectonic activity since the Miocene (Lan et al., 2003; Lepvrier et al., 2008) . These indicate that the parent rocks in the Ba River drainage basin have not been eroded significantly since the Miocene. Besides, this area presents the tropical East Asian monsoon climate with heavy rainfall during SeptemberDecember and warm temperatures throughout the year (Fig. 3) . The East Asian monsoon climate during the Miocene was warmer in temperature than in the present time (Wei et al., 2006; Wan et al., 2007) . The morphology, tectonic activity, and climate conditions during the Miocene and in the present time allow to develop mainly chemical weathering in the Ba River drainage basin, leading to the increase of secondary clay minerals (e.g., smectite and kaolinite). The smectite content is high in Miocene andesitic sedimentary rock samples (70%), moderate in modern river sediment samples (43%), and low in Miocene felsic sedimentary rock samples (25%) (Figs. 2B and 5) . The abundant occurrence of Mesozoic extrusive rocks and Neogene-Quaternary basaltic rocks in the Ba River drainage basin could be weathered to form mainly smectite for Miocene sedimentary rocks and modern river sediments. Volcanic rocks can generate abundantly fairly well to very well crystallized smectite (Chamley, 1989 (Figs. 2B and 5 ). The Ba River drainage basin contains prevailing felsic intrusive rocks (e.g., granodiorite and granite) and felsic extrusive rocks (e.g., rhyolite, dacite, and felsite) ( Fig. 2A) , which can be potential Indochina Peninsula supplies a large number of fluvial sediment to the central Vietnam shelf and the western South China Sea by the world's largest rivers (e.g., Mekong and Red rivers) and central Vietnam mountainous small rivers (Liu et al., 2007 (Liu et al., , 2016 Milliman and Farnsworth, 2011) . The distribution of clay minerals in the Ba River shows different compositions from those of the Mekong and Red rivers in the Indochina Peninsula (Fig. 5) . The Ba River displays moderate smectite (43%) and kaolinite (37%), with low illite (11%) and chlorite (9%). In the Mekong and Red rivers, the clay mineral assemblages contain mainly illite (35e43%), with similar moderate kaolinite and chlorite (24e28%) and low smectite (6e11%) (Liu et al., 2007) . The Vietnamese shelf and the western South China Sea contain large amounts of terrigenous sediments from the Indochina Peninsula (Liu et al., 2013; Schroeder et al., 2015 : Liu et al., 2016 . As a result, this studied area can be an end-member for clay mineral source analysis in the central Vietnam shelf as well as in the western South China Sea.
Chemical weathering trend
During chemical weathering, mobile elements (e.g., K, Na, and Ca) are gradually depleted from parent rocks, but other elements (e.g., Al, Fe, and Ti) are relatively enriched in the weathering products (Nesbitt et al., 1980) . Consequently, the major element composition of weathering products of silicate rocks can be utilized to identify the altered pathway and to evaluate chemical weathering in a river basin (Nesbitt et al., 1980; Vital and Stattegger, 2000; Dessert et al., 2001; Singh et al., 2005) . To identify and evaluate the major element mobility, we use elemental ratios calculated with respect to the least mobile element Al. The ratios of the content of element X and Al 2 O 3 in studied samples divided by the ratio of the same element content in upper continental crust (UCC) can be obtained by the following elemental ratio (Singh et al., 2005) :
The ratio refers to the relative enrichment or depletion of an element, i.e., >1 indicates enrichment, <1 indicates depletion, and ¼ 1 indicates no change in the relative abundance of the element (Singh et al., 2005) .
The average elemental ratios of Miocene andesitic sedimentary rock samples and Miocene felsic sedimentary rock samples show similar chemical mobility (Fig. 6 ).
However, major elements from two kinds of Miocene sedimentary rock samples present different chemical mobility in modern river sediment samples. Miocene sedimentary rock samples are more strongly depleted in all major elements than (Taylor and McLennan, 1985) with respect to Al 2 O 3 .
The error bar for each element refers to the standard deviation of all samples.
modern river sediment samples, except Si and K, implying that Miocene sedimentary rocks may contain minerals with high Si and K contents (e.g., quartz, micaceous, and K-feldspar). This conclusion is consistent with the low illite in all samples because of K usually is rich in illite. Additionally, Miocene sedimentary rock samples show lower elemental ratios of Ca, Mg, and Na than modern river sediment samples, suggesting that Miocene sedimentary rocks were derived more materials from felsic rocks (Paleo-Mesozoic felsic intrusive igneous rocks and Mesozoic extrusive rocks) than modern river sediments. The Ti and Mn are enriched, the Fe is stable, and P is slightly depleted in modern river sediment samples, while all of these elements are leached in Miocene sedimentary rock samples, implying that modern river sediments contain ferromagnesian minerals. These conclusions fit very well with the occurrence of parent rocks in the Ba River drainage basin. Miocene sedimentary rocks could be only generated from materials of Precambrian metamorphic rocks, Paleo-Mesozoic felsic intrusive igneous rocks, and Mesozoic extrusive rocks, while modern river sediments can be derived from materials not only from these rocks but also from Miocene sedimentary rocks and Neogene-Quaternary basaltic rocks ( Fig. 2A) . In this study area, the intensity of relative depletion is: The chemical index of alteration (CIA) is used to evaluate the degree of chemical weathering (Nesbitt and Young, 1982) . The CIA has been utilized by many previous studies (McLennan, 1993; Galy and France-Lanord, 1999; Singh et al., 2005; Selvaraj and Chen, 2006; Liu et al., 2007) . The CIA values are calculated as the formula (Nesbitt and Young, 1982) :
where CaO* is the amount of CaO incorporated in the silicate fraction of parent rocks (Nesbitt and Young, 1989; Nesbitt et al., 1996) . Base on the loss of mobile elements such as Na, Ca, and K against immobile Al, the CIA values are calculated to assess chemical weathering states for the rocks (Nesbitt and Young, 1982 (Wei et al., 2006; Wan et al., 2007) . To get a good general observation on chemical weathering surrounding the South China Sea, we compared our data with these from adjacent areas in the region. In the Ba River basin, the chemical weathering intensity displays a lower degree than in the Pearl River (Liu et al., 2007) and Sumatra rivers (Liu et al., 2012) , where the chemical weathering is intensive. On the other hand, the Ba River basin shows quite similar chemical weathering states as in the Mekong and Red rivers (Liu et al., 2007) , where the chemical weathering is moderate. Nevertheless, our study area has much stronger chemical weathering than those in Taiwan (Selvaraj and Chen, 2006; Liu et al., 2008) and Luzon (Liu et al., 2009) , where the major elemental and clay mineralogical data present low to moderate chemical weathering.
Weathering trends in both Miocene sedimentary rocks and modern river sediments in the Ba River basin can be clearly investigated on
diagrams (CaO* is the amount of CaO incorporated in the silicate fraction; Fe 2 O 3 presents total Fe in the sample) (Nesbitt and Young, 1989; Nesbitt and Young, 1984, Fig. 8) . Most of our samples plot less close to the Al 2 O 3 apex than reference data of the Pearl and Mekong (Liu et al., 2007) and Sumatra rivers (Liu et al., 2012) , while closer to the Al 2 O 3 apex than reference data of Taiwan (Liu et al., 2008) and Luzon rivers (Liu et al., 2009) , but similar to reference data of the Red River (Liu et al., 2007) (Fig. 8A ). These observations indicate that the weathering trend in the Ba River basin is different from most of adjacent river basins surrounding the (Fig. 8 ).
These observations indicate that modern river sediments can include weathering products of mafic igneous rocks (Neogene-Quaternary basaltic rocks) and felsic igneous rocks (Paleo-Mesozoic felsic intrusive igneous rocks and Mesozoic Luzon rivers (Liu et al., 2009) , and Sumatra rivers (Liu et al., 2012) are plotted for comparison; UCC (Taylor and McLennan, 1985) was also plotted as a reference. Arrows indicate weathering trends exhibited by these sediments.
extrusive rocks). Besides, Miocene sedimentary rock samples and modern river sediment samples show much different weathering trends, implying that modern river sediments may not impact strongly by sedimentary contribution of Miocene sedimentary rocks. The conclusions on source rocks of Miocene sedimentary rocks and modern river sediments are also confirmed by comparison with weathering trend of UCC, the Pearl, Red and Mekong rivers, and Taiwan and Luzon rivers (Liu et al., 2007 , 2009 . The weathering trends of Miocene sedimentary rocks are much close to the A-K and A-CNK line, while much different the Pearl, Red, and
Mekong rivers, and Taiwan and Luzon rivers, suggesting abundant weathering products of felsic igneous rocks. However, the weathering trends of the river sediments are much far from the A-K and A-CNK line, but close to the Pearl, Red, and Mekong rivers, and Taiwan and Luzon rivers, coinciding with appearance of weathering products from both mafic and felsic igneous rocks in river sediments.
Conclusions
Clay mineralogy and major-element geochemistry have been studied on Miocene sedimentary rocks and modern river sediments in the Ba River basin to estimate the chemical weathering processes in central Vietnam.
1. The clay mineral assemblages of Miocene andesitic sedimentary rocks display abundant smectite (average 70%), moderate kaolinite (average 26%), and low illite (average 4%). Miocene felsic sedimentary rocks characterize dominant kaolinite (average 65%), moderate smectite (average 25%), with low illite (average 7%) and chlorite (average 3%). Moderate smectite (average 43%) and kaolinite (average 37%) with low illite (average 11%) and chlorite (average 9%) occur in modern river sediments.
2. The abundant Paleo-Mesozoic felsic intrusive rocks, Mesozoic extrusive rocks, and Neogene-Quaternary basaltic rocks along with the weak tectonic activity and the tropical East Asian monsoon climatic condition in the Ba River drainage basin are responsible for the prevailing smectite and kaolinite with low illite and chlorite in the clay mineral assemblage of Miocene sedimentary rocks and modern river sediments.
The elemental mobility and weathering trends of Miocene sedimentary rocks
and modern river sediments demonstrate that Miocene sedimentary rocks could be formed mainly from felsic igneous rocks, meanwhile modern river sediments can be derived by materials of both mafic and felsic igneous rocks. The dominant appearances of smectite and kaolinite are associated with leaching of Ca, Na and Mg first and of K and Si thereafter during chemical weathering. In the Ba River drainage basin, the good correlations of CIA with kaolinite/illite and Al/Rb indicate moderate chemical weathering during the Miocene and in the present time.
